Mechanical behavior of the Space Shuttle redesigned solid rocket motor RSRM propellant i s studied from a phenomenological point of view. Motivated by the study of the experimental data three initially isotropic constitutive models have been developed. All models represent the e ect of strain rate, superimposed hydrostatic pressure, and cyclic loading on the stress and dilatation response of the material. A particular emphasis is given to the prediction of volume dilatation.
Introduction
All modern solid propellants use an elastomeric binder which is lled with a quite high levels of solid particles 1 . The application of a load causes di erent mechanisms to take place in the binder, the ller or the interface between them such as the breakage of polymer chains, breakage and reformation of weak bonds, deformation and geometrical rearrangement of ller particles, interfacial debonding, also called dewetting, the formation of microvoids at or near the interface of the particles and surrounding matrix. Under these in uences solid propellants exhibit very complicated behavior including features associated with time and rate e ects, temperature and superimposed pressure dependence, large deformations and large strains, stress softening during cyclic loading, and transition from incompressible to compressible behavior.
In the following, we describe brie y some observations regarding the test data of the particular propellant w e are interested in and review some recent constitutive models. In Section 2 we present three constitutive models and discuss the limitations and distinctive features associated with them.
In Section 3 we calibrate the model that best represents the data and in Section 4 we compare the predictions with the experimental data. Finally, in Section 5 we present some observations regarding our current w ork and future developments.
Observable Propellant Phenomena
The experimental data for the RSRM propellant has been provided by the Thiokol Corporation 8 , and consist mainly of uniaxial constant strain rate tests with various loading histories and superimposed pressure levels, and relaxation tests at various temperatures. The tests were conducted on Instron machines. For relaxation tests dilatation was calculated by measuring geometric changes of the specimen with a laser micrometer. For constant rate tests a Farris Gas Dilatometer was used to measure the volume change. 1 RSRM propellant consists of a PBAN polymer binder and 86 by w eight of solid particles which are oxidizer and fuel mainly.
It is important to mention the fact that solid propellants are noted for their variability in test data. Stress-strain-dilatation curves that we reference in this paper, show the results of a single test which best represents the average behavior of all specimens. Stress and strain measures used in plotting both the test data and model predictions are the nominal stress and the ratio of change in length to the reference length, respectively.
Typical uniaxial stress strain curves are shown in Figures 1-2 . Major propellant phenomena that we infer from the test data are the following.
The stress response of the material depends on strain rate, a typical manifestation of viscoelasticity. Dilatation exhibits little rate dependence for constant strain rate tests and no measurable time dependence for relaxation tests. The time independence of dilatation suggests that volumetric behavior is viscoelastic as well as the deviatoric one.
The yielding nature of the stress-strain curve is coincidental with signi cant v olumetric increase.
As the voids, which form after dewetting, increase in number and size with deformation, the propellant becomes increasingly compressible. Stress softening and dilatation due to dewetting and formation of voids, is the dominant nonlinearity observed in loading of propellants and must be included in any meaningful constitutive theory.
Debonding and formation of voids are postponed or may stop altogether under the in uence of superimposed hydrostatic pressure. The fact that positive dilatation can occur when all stresses are compressive, suggests a signi cant coupling between dilatational and distortional behavior.
Upon unloading the stress initially decreases rapidly. A large degree of softening is present a t strains less than the previous maximum strain beyond which the reloading curve gradually joins the monotonic loading curve. The dependence of stress on the past maximum strain results in a large amount o f h ysteresis which cannot be accounted for by viscoelasticity alone. Most of the dilatation is recovered on unloading. The e ects of cyclic loading are present for both small and large strains, with and without a superimposed pressure environment.
The material exhibits large strains and large deformations which increases the complexity o f modelling. Another important phenomenon not shown in the gures is temperature dependence.
Both stress and dilatation responses of propellant are inversely related to temperature. Linear or nonlinear models based on thermorheologically simple behavior, a common assumption made for viscoelastic materials, underpredict the response for transient thermal conditions.
Review of Recent Models
The attempt to represent all aspects of propellant behavior would result in a very complex constitutive model and would require a wide range of tests to characterize the propellant. Thus a number of previous investigations have been concerned with certain features only.
In his most recent attempt Peng 15 accounts for time and rate dependence through a single relaxation function and assumes separability of the potential function into dilatation and distortion parts. He introduces a dewetting criterion which determines the transition from incompressible to compressible behavior. Although the predictions are quite successful for tests included in the calibration, the model has a large number of tting parameters and the assumption of separability is not supported by experimental data.
With a purely micromechanical approach Davis 2, 3 describes the behavior of amorphous polymeric binder based on its molecular properties, the interaction among the particles which are assumed to be rigid and spherical, and the in uence of particle packing on polymeric binder. The resulting model represents the chain extension and orientation, breakage of chains, and state of dewetting. Although the model is very attractive in that it is free of curve-tting constants, its applicability depends on its computational tractability a s w ell as its extension to include large deformations and arbitrary multiaxiality. Dunham and Wong's rate formulation 4 treats loading and relaxation separately and successfully represents loading behavior for complex strain histories. Dilatation is assumed to start at a certain e ective strain level and not to recover on unloading. Propellant data of interest here does not support the latter assumption and data scatter makes the determination of the e ective strain rather di cult. The model does not account for the e ect of superimposed pressure.
Farris' 5 constitutive equation is composed of time-independent bulk response and timedependent deviatoric response. The memory e ects are represented by allowing viscoelasticity only during unloading. Bulk and deviatoric responses are coupled in that dilatation depends on distortional strain invariants. Although the theory has been successful in predicting the response accurately for small deformations and strain histories included in the material characterization, it has showed poor agreement for those not included in the charaterization, and its extension to account for large deformations is not straightforward.
Schapery's thermodynamic formulation 19, 2 0 is guided by a micromechanical model 18 which consists of a rigid spherical particle embedded in an incompressible matrix with two axisymmetric cracks. Park Based on Simo's 21 three-dimensional nite strain viscoelastic formulation Oz upek and Becker 11 h a ve devepoled a phenomenological model which is applicable over any range of deformations and has an easy calibration. The model has been implemented in the nite element code TEX-PAC 1 . Although the stress predictions for uniaxial complex loading histories and simultaneous straining and cooling are in reasonable agreement with the experimental data, the model cannot accurately predict dilatation response and the e ect of superimposed pressure, and it has yet to be checked for multixial loading. Some other models developed for propellants or particulate composites are reviewed in 10, 12 and will not be repeated here.
Constitutive Models
Our major goal is to obtain an isotropic three-dimensional model which can be calibrated with only a few tests and incorporated in a nite element code without any major di culty. Motivated by the study of the RSRM test data we i n tend to represent the e ects of strain rate, superimposed pressure and cyclic loading on the stress and dilatation response of the propellant. In the following, we rst develop a constitutive model in terms of generalized variables 16 and then obtain three formulations by di erent selection of these variables.
Viscoelasticity
We incorporate the viscoelastic e ect by employing an integral representation and relate the actual force Q to the pseudo-force Q r in the form
such that the entire rate-dependent portion of the response is characterized by the relaxation function Et. In order to account for the time-independent dilatation response we let both deviatoric and volumetric response obey the superposition principle through the same relaxation function.
The coe cient E r in equation 1 is an arbitrarily selected reference modulus which i s i n troduced so that Q and Q r have the same units.
We assume that the pseudo-generalized force Q r is related to generalized displacement q through an elastic stress-strain law in the form
The function d denotes the pseudo-free energy of damaging material and is a function of the current generalized displacement q and the internal state variables s i which are employed in order to incorporate some nonlinearities of the propellant behavior.
Dilatation
In developing the dilatation model we are motivated by the behavior of an externally pressurized thick-walled spherical shell. Based on its agreement with our test data we consider the pressure- For an elastic material and a xed void volume fraction, i. e. for constant Et and c, respectively, the dilatation model developed above reduces to equation 3.
Construction of a Free Energy Function
We n o w postulate a form for the free energy function d of the damaging material and identify internal state variables such that we will be able to obtain the volumetric response we discussed above and represent other propellant phenomena we described previously. c is the rate of change of the volume fraction of voids. We note that f represents mechanisms which m a y cause both further softening and hardening of the material during unloading and reloading, such as the breakage and reformation of weak bonds.
Selection of Generalized Variables
We n o w present three formulations obtained from the constitutive equations 1 and 2 by di erent selection of generalized variables. The procedure involves the following steps:
choose generalized displacements q, 
Comparison of Models
The elastic portions of each model, i. e. pseudo stress-strain relations, are basically equivalent.
The di erences result from applying the convolution integral to di erent pseudo-stress measures.
The following are the distinguishing features of each model and must be considered when a model is applied to a particular propellant. Further detail regarding these features can be found in 12 .
Model I is suitable for the application of the correspondence principle as introduced in 17 .
By enabling the construction of solutions to a viscoelastic boundary value problem from solutions of the corresponding elastic boundary value problem, this principle results in signi cant computational simpli cations.
Model II is applicable over any range of deformations since it satis es the objectivity principle.
For other models material objectivity m a y not be satis ed when large deformations exist; i.
e. generally material response will be a ected by rigid-body rotations.
Model III results in the best representation of the pressure e ect before the onset of dilatation, as seen in Figure 4 . We note that RSRM test data show di erent behavior regarding the dependence on superimposed pressure, i. e. at a high strain rate we observe di erent initial slopes at di erent pressure levels, while we h a ve basically the same slope at a lower strain rate. Since the latter has been found to be typical of propellant behavior in previous works, we assumed the pressure dependence to be a data scatter. If further test results support the dependence on pressure, then RSRM data would be better represented through models I and II.
Finally, w e note that for in nitesimal deformations and for an undamaged material, i. e. for d = 1 and c = 0, all models reduce to stress-strain relation for an isotropic linear viscoelastic material.
Calibration
We n o w consider the calibration of model III since in previous section we concluded that this model would result in the best representation of the available experimental data for RSRM propellant.
The calibration procedure consists of determining the various material functions and constants as described below. The values of the material parameters are given in Table 1 .
Tensile relaxation modulus:
We obtain Et using the relaxation tests at di erent temperatures. In order to account for the thermorheologically complex behavior we incorporate a vertical shift of relaxation curves. We then shift the resulting curves horizontally and determine the shift factor at each temperature. We approximate the resulting master curve b y a Prony series given in Table 1 and choose E r equal to the instanteneous relaxation modulus. Parameters in the evolution equation for void volume fraction, c, and bulk modulus, K, are determined from the same constant strain rate test data used in calculating coe cients of , i . e .
the unpressurized test at 0.714 min ,1 . Both stress-strain and dilatation-strain data up to failure are used. Among several combinations of A; B; n and C, the one representing dilatation response for pressurized test at 0.714 min ,1 the best is selected as the suitable set of parameters and is given in Table 1 .
Damage Function for Loading:
The softening function g is determined from the unpressurized constant strain rate test at 0.714 min ,1 , as the ratio of the measured to calculated stresses. The resulting curve i s s h o wn in Figure   3 .
Unloading Reloading Function:
The material functions f u and f r are calculated from the unpressurized cyclic test at 0.714 min ,1 and 20 unloading strain level and are shown in where f r=u I rel denotes the ratio of reloading and unloading functions. We note that loading, unloading and reloading functions are determined using a table, rather than assuming any analytic form.
Predictions
Predictions of the constitutive model calibrated in previous section are shown in Figures 4-11 . The following observations can be made regarding the performance of the model:
The e ect of superimposed pressure is represented quite well for dilatational response and reasonably well for stress response as seen in Figure 4 . Recall that only the data at ambient pressure have been used in calibration.
The rate e ect on stress response is reasonably represented for low-moderate strain rates, while it is overpredicted for high rate. The overprediction of the response at high pressure levels is not as pronounced as it is at ambient pressure as shown in Figure 5 .
Stress and dilatation predictions are successful for both single and multiple cyclic loading as seen in Figures 6-9 . The discrepancy observed near the end of unloading states is due to the modi cation of the unloading reloading function f as has been described during the calibration procedure.
For the equibiaxial tension tests at constant strain rate maximum stresses predicted by the model are quite close to the experimental values for low strain rates, however, they are overpredicted for high rates as seen in Figure 10 . For equibiaxial cyclic loading the agreement of the model with the experiment is quite satisfactory as shown in Figure 11 . We note that biaxial test data were provided by a di erent source 14 . Therefore, part of the discrepancy between the predictions and constant rate data may be due to the use of di erent experimental methods.
Conclusions
Three isotropic constitutive models representing the mechanical behavior of the RSRM propellant have been developed. The models employ a pseudo-energy function from which pseudo-stress-strain equations are derived. The actual stresses are related to pseudo-stresses through a convolution integral. A signi cant coupling between volumetric and deviatoric response has been introduced.
Softening of the material due to damage and nonlinearities during cyclic loading have been represented. A procedure has been developed for the calibration of the models which requires relaxation tests at various temperatures to determine the master curve, and a constant strain rate test with monotonic and cyclic loading, both at ambient pressure, to determine all other model constants and functions. The calibration has been carried out for the model resulting in the best representation of the available data, and the predictions have been compared with experiments for several loading conditions not used in the calibration.
An important aspect regarding the application of constitutive models presented in this paper is their implementation into a nite element code. Most of the work regarding this issue has been completed and the results will soon be published.
Another important area of work appears to be the experimental one. The observation regarding pressure independent behavior of stress before the onset of dilatation does not seem to hold at high strain rates. Further testing is necessary in order to determine this and some other propellant phenomena such as thermal e ects more accurately.
Although the features of the constitutive models were motivated by the study of the RSRM test data, they represent t ypical propellant phenomena. Therefore, the models can be used in predicting the response of other propellants after the calibration for a speci c propellant is performed. The selection of one of the constitutive relations depends on which of the features distinguishing the models from each other is emphasized in a particular application. 
